We describe here a specially designed accelerator structure and a pulsed power supply that are essential parts of a high brightness cold atoms-based electron source. The accelerator structure allows a magnetooptical atom trap to be operated inside of it, and also transmits subnanosecond electric field pulses. The power supply produces high voltage pulses up to 30 kV, with a rise time of up to 30 ns. The resulting electric field inside the structure is characterized with an electro-optic measurement and with an ion timeof-flight experiment. Simulations predict that 100 fC electron bunches, generated from trapped atoms inside the structure, reach an emittance of 0.04 mm mrad and a bunch length of 80 ps.
I. BRIGHT ELECTRON SOURCES AND THEIR APPLICATIONS
Pulsed high brightness electron sources are used, for example, in measuring the temperature of surfaces after interaction with ultrafast lasers [1] , in observing transient structure in femtosecond chemistry [2] , or in realizing high brightness x-ray sources [3] . The brightest pulsed electron sources are based on the photoemission process to produce electron bunches that are subsequently accelerated in strong electric fields [4] .
A way to improve beam brightness is to reduce the source size, because the brightness is proportional to the beam current I divided by the surface area of the beam cross section A, and the solid angle associated with the uncorrelated angular spread,
One example of this approach is an electron source based on carbon nanotubes (CNT) field emitters [5] . They are actually the brightest electron sources available at the moment. Here, the electrons are emitted from a submicron surface and are able to produce a current of up to 1 A. Some applications, as, for example, ultrafast electron diffraction [6] , x-ray free-electron lasers [7] , or x-ray production by Compton scattering [8] , can also benefit from higher brightness, but require much larger currents than CNTs can provide. In fact, the required currents can only be produced in pulsed mode. For these cases, an alternative route to increasing brightness was proposed [9] .
Brightness depends inversely on the square of beam emittance, which in turn depends on the square root of the source temperature T,
where
is the so-called root-mean-square (rms) normalized emittance [4] . Here, m is the electron mass, c the speed of light, x the transverse position, p x the transverse momentum, and h i indicates averaging over the entire distribution. Therefore, if we are able to produce electron bunches with a low initial temperature, emittance will also be low and the brightness high, without having to reduce the source size. In this way, pulsed operation with high peak currents and low emittance can be achieved. Our approach to improve the present brightness of pulsed electron beams is based on this idea of a low temperature source [9] . Here, laser-cooled atoms [10] are ionized just above threshold and an ultracold plasma (UCP) is created [11] . The electrons of this plasma are initially created with a temperature of approximately 1 mK. Because of the heating process inside the plasma, the electrons quickly equilibrate to a higher temperature in the order of 10 K, which is still orders of magnitude lower than the electron temperature in photoguns [4] .
To prevent a space-charge-induced increase in emittance, high electric fields must be turned on with subnanosecond rise time to bring a beam as fast as possible to sufficiently high energies. It has been shown in Claessens et al. [9] that the brightness of such an electron beam can be orders of magnitude higher than what exists now in the field of (sub)picosecond pulsed electron sources.
In order to achieve the full potential of this type of source, a specialized accelerator structure is required. It combines an atom trap [12] with the possibility to create fast high voltage fields. To this end, we developed a special diode structure together with a pulsed power supply. This article presents the design of both the accelerating structure and pulsed power supply and shows its value as an accelerator for our cold-atom-based electron source.
It is shown that in this first intermediate setup, ultralow emittances of 0:04 mm mrad can be achieved in pulsed mode, for bunch charges up to 0.1 pC and 80 ps bunch lengths. The resulting brightness is 130 times lower than that of the Linac Coherent Light Source (LCLS) electron source at SLAC [13] . Further improvement of the pulsed high voltage supply, by sharpening the voltage pulse to subnanosecond rise times, should lead to the same emittance, but much shorter pulses of 0:1 ps, resulting in a brightness 10 times higher than the LCLS source. Our final goal is to combine the accelerator presented in this paper with a 1 MV-0.1 ns rise time voltage power supply, as proposed in [9] . With that, the source can attain a brightness 30 times higher than the LCLS electron source. Using laser-triggered spark gap technology to switch MV voltages, it is possible to generate 1 ns long and 1 MV high pulses with 0.1 ns rise and fall time. As has been shown by several groups, including our own [14] , such pulses can be applied across gaps as small as 1 mm without breakdown, for the simple reason that 1 ns is too short for a breakdown to occur. The acceleration structure presented in this paper is suited for guiding such voltage pulses. The setup presented here is a first step towards the realization of the electron source concept presented in [9] .
II. ACCELERATOR DESIGN
A technical drawing of the accelerator is given in Fig. 1 . It has a coaxial structure. The advantage of using a coaxial geometry is that it can guide very steep field gradients. The designed structure is tapered to reduce reflections of the incoming electric field. The accelerator consists of an inner conductor on which a negative voltage is applied, and an outer conductor which is grounded. A glass ring is used to support the inner conductor of the structure. The structure is designed such as to allow the trapping of a cloud of cold atoms at the center of the accelerating structure, the socalled acceleration point, shown in Fig. 1 . The design parameters are given in Table I .
The atom trapping process needs six laser beams [10] . A typical size for the diameter of such a laser beam is 10 mm. There are six holes of 20 mm diameter in the outer conductor for the access of these beams. The beams intersect each other in the acceleration point, where the electrons are initially created. One of the laser beams is brought to that point via a mirror placed inside the inner conductor. In addition, there are also holes for the ionizing laser beam and for the electron beam. The inner conductor is connected to a high voltage feedthrough.
In the design process we have maximized the electric field amplitude at the point where the electrons will be initially created. This practically means that the distances between the inner and outer conductor are kept as small as possible. At the same time, the fields must be below the breakdown limit in vacuum, which we conservatively assumed to be 100 kV=cm. For that reason, the distance between the inner and outer conductor is 16 mm, the radius of curvature R i at the end of the inner conductor is 10 mm, and the radius of curvature R a at the acceleration point is 7 mm.
The accelerating structure was first tested with a DC voltage in order to see if it can sustain the maximum DC voltage that it was designed for, namely, 30 kV. The metal surface was conditioned by slowly bringing the inner conductor to the maximum operating voltage.
A cylindrically symmetric field map for this structure, calculated with SUPERFISH [15] , is shown in Fig. 2 . The dimensions of the inner conductor, outer conductor, glass ring and ceramic part of the feedthrough, as listed in Table I , together with their relative permittivity, are used as input. The holes in the outer conductor, which break cylindrical symmetry, are left out. In the figure, the equipotential lines are shown. The electric field strength at the acceleration point is 0:37 kV=cm per kV input voltage. The field map is used for analysis and simulations.
In our first experiments we are going to use typical electric field's rise times of 30 ns. The corresponding wavelength is in the order of meters. This is much larger than the dimensions of the accelerating structure. Therefore, the electric field rises uniformly in the entire structure, not causing reflections. Subsequently, the static map can also be used for a pulsed situation. The same accelerating structure can be used with even shorter rise time, in the order of 150 ps, which we plan to employ in the future. The wavelength corresponding to subnanosecond rise time becomes comparable with the structure dimensions. In this case, the field can be diminished in amplitude before it reaches the acceleration point due to reflections associated with impedance mismatch. By tapering the inner conductor, the impedance mismatch, and therefore reflections, are minimized.
To check that the combination of the high voltage feedthrough and the accelerator also works at high frequencies, a Hewlett Packard 8753C network analyzer was used. The amplitude and phase of the electric field reflected by the setup were measured as a function of the electromagnetic waves frequency. The frequency interval used in this experiment was between 300 kHz and 1 GHz, corresponding to a rise time between 1:2 s and 350 ps, respectively. The amplitude of the reflected signal was found to be constant within 0.6 dB over this range. A near-linear dependence of the phase lag versus frequency is observed in the 200-900 MHz range (Fig. 3) , corresponding to a reflection of the wave at a fixed point located at 0:70 0:02 m beyond the point where the network analyzer is connected to the accelerating structure. This is the effective distance that a pulse has to travel from the input on the feedthrough up to the acceleration point, namely, first through the 0.1 m long feedthrough from a ceramic with " r 9, second through a 0.2 m long connection pipe, and third through the 0.2 m long acceleration. We conclude that up to 350 ps rise time there is no significant distortion of an input high voltage signal.
We have also analyzed the pulse propagation with the 3D time domain solver CST-MICROWAVE STUDIO (MWS). An illustration of the process can be seen in Fig. 4 . Here, the pulse is shown at three different moments in time: as the pulse enters the structure (a), halfway the structure (b), and as it reaches the acceleration point (c). In this simulation, the access holes in the outer conductor are also included. For 150 ps rise time, we find an electric field strength at the accelerator point of 34 kV=cm per kV input voltage, i.e., 8% decrease compared to SUPERFISH calculations. The rise time behavior at the accelerator entrance and acceleration point was also monitored in the MWS simulations, as shown in Fig. 5 . It can be seen from Fig. 5 that the 150 ps rise time of an input pulse remains the same at the acceleration point. The accelerator structure is therefore very well suited for sub-ns risetime voltage pulses.
III. FAST HIGH VOLTAGE GENERATION
As it has been stated in our proposal [9] , to produce bright electron bunches, a high electric field should be turned on very fast. The proposed source works at a voltage of 1 MV switched on in 150 ps, which in principle can be produced with state-of-the-art technology [14] . The required laser-triggered sparkgap technology is however very cumbersome in use and needs further development before it can be applied in practice. In our first experiments we will use commercially available technology to switch 30 kV in tens of nanoseconds. The corresponding fields are high enough to extract bunches up to 1 pC from a UCP, with a very low emittance.
The system used to produce fast and high electric fields consists of two components: a DC high voltage power supply, and a transistor-based switch setup. The high voltage supply unit is a Brandenburg Model 807R. It produces a maximum DC voltage of 30 kV and it delivers a maximum current of 1 mA. The DC power supply is connected To produce the desired rise time of the voltage, the switch is inserted in a classical pulsed discharge circuit (Fig. 6) . This means that the energy is collected from a primary energy source (a DC power supply in this case) and is then rapidly released from storage and converted to pulsed form. The output signal goes via a commercial DC ultrahigh-vacuum feedthrough (Kurt J. Lesker Co. Ltd. Model EFT 3012093) into the accelerator structure.
The charging resistor R 1 is a 40 M high voltage resistor (Caddock, Type MX485), which limits the current to less than 1 mA. The charging capacitor C 1 is 2 nF. The time constant for the charging circuit is 80 ms. The system can therefore be operated at a repetition rate of a few hertz. After the switch is closed, the charge accumulated on C 1 is transferred to the accelerator structure, represented by a capacitor C 2 with 12 pF capacitance. Because of the large difference between the buffer capacitor C 1 and C 2 , there is only a small decrease in voltage on C 1 after closing the switch. R 2 is a 50 current limiting resistor that protects the switch. The time constant for the loading of the accelerator is R 2 C 2 0:6 ns, so voltage rise time is determined by the rise time of the transistor switch.
The droop time of this circuit is R 3 C 1 10 s. After 150 ns, the switch opens again. The influence of droop on the voltage on C 2 during the switch closure time is only 2% of the maximum voltage. At this point the voltage on C 2 will drop and, together with the leakage resistor R 3 of 5 k, it will give a decay time constant of 60 ns.
Using a Tektronix high voltage probe (Model P6015A) with a capacitance of 3 pF, the output signal given by this switch circuit has been measured on the inner wire of the vacuum feedthrough. A typical voltage-time characteristic is shown in Fig. 7 . The negative high voltage pulse first increases linearly, and is followed by a flat top of 150 ns length, and an exponential decay, in accordance with the design values.
The rise time (defined as 10%-90% of voltage amplitude) has been measured as a function of the DC voltage (see Fig. 8 ). Above 5 kV, the rise time depends linearly on voltage, with a slope of 0:70 0:01 kV=ns. Accordingly, one gets a rise time of 24.5 ns at a voltage of 24 kV, somewhat larger than the specifications of the switch.
IV. ELECTRIC FIELD MEASUREMENT
This section deals with static and dynamic measurement of electric fields produced in the accelerating structure.
A. Static electric field measurement with cold ions
A possibility of measuring the static electric field produced at the acceleration point is by using a time-of-flight (TOF) method. A cloud of cold atoms is produced at the acceleration point using the same procedure as described in [16] . The cold atoms are subsequently ionized by a pulsed dye laser with a wavelength of 480 nm and a 6 ns pulse length. The ionization volume has a cylindrical shape with a radius of 70 m and a height of a few millimeters. The orientation of the cylindrical volume is perpendicular to the acceleration direction. A positive DC voltage is applied to the inner conductor of the accelerator. After the ionization, the ions are accelerated towards a microchannel plate detector placed at a distance L 282 mm from the acceleration point. With the help of an oscilloscope triggered by the ionization laser pulse, it is possible to measure the TOF between the photoionization and the moment that the ions reach the detector.
The TOF measurement can be used to calculate the energy U the ions gain in the accelerator: be seen that, e.g., at a voltage of 1.36 kV, the measured energy U0 665 eV is also, within experimental uncertainty, in agreement with the energy calculated by the electric field integral R 1 0 eEzdz 678 eV from the SUPERFISH field map.
The main source of uncertainty comes from the determination of the axial position z of the ionization volume. In the setup it is determined by two CCD cameras that image the trapped cold gas in two perpendicular directions. This position accuracy is 0:5 mm. We conclude therefore that the local electric field and the beam energy are in agreement within the experimental accuracy of 15% with the calculated design values.
B. Pulsed electric field measurement with Pockels effect
As explained in Sec. III, the rise time of the electric field was measured with the help of a high voltage probe at the exit of the switch box. It should also be checked that there is the same rise time at the accelerating point, where the electrons will be created.
To this purpose, an ellipticity measurement method that employs the Pockels effect was used [17] . The method is based on measuring a change in birefringence induced by an electric field.
A lithium niobate crystal (LiNbO 3 ) was used for this purpose. The characteristics of this crystal are given in Table II [18] . Lithium niobate has been chosen because the saturation time, i.e., the time in which an internal electric field builds up and cancels the external electric field, is much longer than the rise times we want to measure, i.e., in the order of ns. ZnTe crystals, for example, are not suitable for this purpose, but can be used for subpicosecond rise times when combined with an ultrafast laser [19] .
The setup consists of a HeNe laser with a wavelength of 633 nm, a polarizing beam splitter (PBS) cube, a quarterwave-plate (QWP), another PBS cube, and two photodiodes (P 1 and P 2 ) (see Fig. 10 ). The lithium niobate crystal is placed with the help of a small PVC mount between the high voltage electrodes. The first PBS makes the laser beam linearly polarized. After passing the crystal, it passes through the QWP and becomes circularly polarized. It is subsequently divided by the second PBS. Diodes P 1 and P 2 will measure therefore two equal signals when no electric field is present. When a voltage is applied, the electric field induces birefringence and therefore an ellipticity in the laser beam polarization, which results in a difference between the two photodiode signals:
The phase shift due to the crystal can be written as
where is the laser wavelength, r 21 the electro-optical coefficient, n 0 the refractive index, E the internal electric field in the crystal, and d the length that the laser beam travels through in the crystal. A measurement of the electric field with the crystal placed at the acceleration point is shown in Fig. 11 . Here is also plotted a signal given by the high voltage probe as measured on the inner conductor of the accelerator. It can be seen that the signal on the inner conductor of the accelerator has the same rise time as the signal measured by the lithium niobate crystal at the acceleration point.
In the quasistatic situation, applying a DC external field of 3 kV, a ratio I 1 ÿ I 2 =I 1 I 2 of 0.042 was found. Using Eq. (6), this leads to an electric field inside the crystal of 90 V=cm. A calculation of the electric field with the CST-EM STUDIO simulation program gave 65 V=cm, which is 30% lower. In view of the fact that the electro-optic coefficient r 21 is not very accurately known and the lithium niobate crystal has a strong influence on the field geometry, this is a satisfactory agreement.
V. VALORIZATION OF THE DESIGN
As stated in Sec. II, an electric field map was made in SUPERFISH for the DC case (see Fig. 2 ). By multiplying the electric field of the map with the measured time dependency of the voltage source output (Fig. 11) , the map can also be used in the pulsed situation. Fields generated in this way were used in the GPT code to simulate the behavior of an electron bunch accelerated in the designed structure. GPT calculates charged particle trajectories in 3D electromagnetic fields, including all space-charge effects [20] .
As initial bunch conditions, exactly the same pancake conditions as in Claessens et al. [9] were chosen, i.e., a radial distribution of R 2 mm and a thickness of 15 m. The simulations have been performed for two different charges, 100 and 1 fC. The high voltage slew rate, which is an essential parameter for our simulations, was 0:7 kV=ns (see Sec. III). The rms normalized emittance [see Eq. (3)] and the rms bunch length as a function of longitudinal position z obtained from these simulations are shown in Fig. 12 .
It can be seen from Fig. 12(a) that the beam has in both situations a very low rms normalized emittance of 0:039 mm mrad (100 fC) and 0:035 mm mrad (1 fC). These remain constant after leaving the accelerating structure. For 100 fC, the electron bunch is initially compressed to 20 ps due to velocity bunching [9] [ Fig. 12(b) ] and then expands linearly in time, reaching a length of 80 ps after 300 mm from the initial point. In case of a smaller charge, 1 fC, the velocity bunching effect brings the bunch to a 0.7 ps length. By applying, for example, a pulse of 1 MV in 150 ps, a 100 fC bunch can be compressed to 20 fs. Clearly, the amount of bunch compression is limited by space-charge forces.
Compared with the LCLS injector at SLAC [13] , where electron bunches of 1 nC have been measured with a length of 10 ps and an emittance of 1 mm mrad, our intermediate setup will be able to deliver a 130 times lower brightness. However, our final configuration of 1 MV in 150 ps will be able to deliver a 100 fC bunch with a 30 times higher brightness.
VI. CONCLUSIONS AND OUTLOOK
A setup specially developed for a new type of pulsed high brightness electron source based on cold atom traps has been described. It consists of a DC power supply, switch setup, and dedicated accelerator. The electric field rise time has been measured with an electro-optical method. The static electric field at the acceleration point and the energy the accelerated particles gain have also been measured using cold ions TOF measurements. The experimental results and the calculated values agree within the error limits.
Compared with the experiment described in [16] , this accelerator has the advantage of being cylindrically symmetric, and provides a higher energy of the electron bunches, making them less sensitive to stray magnetic fields. Simulations show that this setup will be able to produce 100 fC electron bunches with an emittance of 0:04 mm mrad and a bunch length of 80 ps.
For shorter bunch length, an important step is to further reduce the rise time of the electric field. A possible solution is magnetic compression of the high voltage pulse using saturable ferrite cores. In the past, this method produced pulses in the same voltage range with subnanosecond rise time [21, 22] . The advantage of a shorter rise time is that the beam energy will be higher. Then, the electrons are less sensitive to space-charge effects and the emittance will therefore be even lower. Also the bunch length will be smaller due to stronger velocity bunching, leading to higher current and thus higher brightness.
A transmission line transformer (TLT) can be used after the sharpener to increase the amplitude of the high voltage. One specially designed broadband TLT will be available in our group in the future [23] . It is capable of multiplying subnanosecond high voltage pulses by a factor of 10. In this way, the final goal of 1 MV-150 ps technology can be reached.
